Introduction
The sulfonylurea class o f herbicides, which con sists of an aryl entity co n nected to a heterocyclic m oiety by a sulfonylurea bridge, was introduced in the 1980s. T hese can be highly selective, broadspectrum com pounds th at are used in the field at rates of a few gram s/hectare, and have low m am m alian toxicity. They control a wide spectrum of annual and p erennial grasses, and b roadleaf weeds, but give selective w eed control in small grains, soybeans, rice, and o th e r agronom ic crops. Some have industrial and n o n-crop uses providing total vegetation control.
The m ode of action of the sulfonylureas involves inhibition of A LS w hich plays a key role in the synthesis o f the b ranched-chain essential am ino acids leucine, isoleucine, and valine (Ray, 1989) . Species selectivity am ong the sulfonylureas has been co rrelated with a rapid rate of m etabolism in the to leran t crop (B eyer et al., 1988) . For some sulfonylureas, initial m etabolism has been shown to be m ediated by the cytochrom e P450 m onooxy genase system follow ed by glycosylation of the hydroxylated m oieties. In cell-free studies, m icro som es isolated from several-day-old, dark-grow n shoots of corn have been re p o rte d to oxidize nicosulfuron, prim isulfuron, prosu lfu ro n , and triasulfuron (M orelan d et al., 1993; Fonne-Pfister et al., 1990) . A dditionally, w heat m icrosom es oxidized chlorsulfuron and triasulfuron (F rear et al., 1991; T halacker et al., 1994) . The corn m icrosom es form ed a m ajor and a m inor oxidation product from prosu lfu ro n in an app ro x im ate 4:1 ratio (M o reland et al., 1993) . W heat m icrosom es also p ro duced a m ajor m etabolite from prosulfuron which resulted from hydroxylation o f the phenyl ring at position C5. Identification of th e m etabolite was confirm ed by p ro to n N M R spectroscopy (F rear and Sw anson, 1994) . Two m inor products were also form ed by w heat m icrosom es, but th eir id en ti ties w ere not confirm ed.
In prelim inary studies, m icrosom es isolated from sorghum shoots p ro d u ced two m ajor m etab olites from prosulfuron in co n trast to the single m ajor entity form ed by corn and w heat m icro somes. Consequently, the objectives of the studies rep o rted h erein w ere to (a) identify and com pare the m etabolites form ed from p rosulfuron (Fig. 1 ) by m icrosom es isolated from several species of plants; (b) evaluate the inductive effects of seed and/or seedling treatm en ts on the extent of prosul furon m etabolism by sorghum and corn m icro somes; (c) determ ine the sensitivity of the oxida tive reactions to cytochrom e P450 m onooxygenase inhibitors; and (d) explore the form ation of differ ence spectra betw een prosulfuron and the m icro somal preparations.
Materials and Methods

Microsomal assays
Details on the position of the radiolabel, radio chemical purity, and specific activity of the com pounds studied are provided in Table I Seed w ere germ inated in folded rolls of germ i nation pap er and placed upright in 1.0 L beakers th at contained 400 ml of 0.5 strength H o ag lan d 's solution. In the experim ents th at involved NA treatm ents, the seed w ere placed in small bags with the indicated am ount of chem ical and ro tated for several m inutes to uniform ly coat the seed. Seed w ere m aintained in the dark at approxi m ately 28°C for 72 h. The shoots, w hen harvested, were ground with a chilled m o rtar and pestle for 30 sec with 0.3 m potassium phosphate buffer (pH 7.4) that contained 5 mM D T T and 1% insoluble PV PP (w/v). The grinding ratio of tissue:buffer was 1:6 (w/v). The hom ogenate was filtered through cheesecloth and centrifuged in a Sorvall RC-2 centrifuge at 4°C for 20 min at 10,000 x g.
The su p ern atan t was tran sferred to a B eckm an L 8 -7 0 ultracentrifuge and centrifuged at 4°C for 60 min at 100,000 x g. Pellets w ere suspended in a small volum e o f 0.1 M potassium p hosphate buffer (pH 7.1) and sto red on ice until used. T reatm ents th at w ere used to enhance the rate and extent of prosulfuron m etabolism included N A applied as a seed tre a tm e n t (0.5% for sorghum and corn, and 0.2% w/w for w heat), 2.5% eth an o l applied by subirrigation 24 h prior to harvest, and a com bina tion of eth an o l and NA. The subirrigation tre a t m ent involved transferring the rolls of germ inating seed, after 48 h, to b eakers th at contained 0.5 strength H o ag lan d 's solution and 2.5% ethanol (v/ v) . D ithio n ite-red u ced , carbon m onoxide differ ence spectra w ere o b tain ed following standard procedures (E stab ro o k and W erringloer, 1978; Jefcoate, 1978) with an SLM /A m inco DW-2000 Spec tro p h o to m eter. C oncen tratio n s of cytochrom es P450 and P420 w ere estim ated from m illim olar ex tinction coefficients of 91 and 111, respectively (O m u ra and Sato, 1964) . M icrosom al protein was estim ated sp ectrophotom etrically by the m ethod of W addell (1956) with crystalline bovine serum album in as a standard. The m icrosom al reaction m ixtures placed in conical M icrofuge tubes contained 0.75 mM N A D P H , an N A D P H -g en eratin g system (2.5 mM G 6 P, and 0.1 U G 6 P d ehydrogenase), 50 mM po tassium ph o sp h ate buffer (pH 7.1), 740 Bq of the rad iolabeled substrate (at the m olar concentration shown in Table I ), and freshly isolated m icrosom es at an approxim ate protein co n centration of 0.25 to 0.5 mg, in a total volum e of 0.1 ml. M etabolite form ation, w here it occurred, was essentially lin ear u nder the conditions identified. R eactions were incubated at 25°C for 30 min and w ere a r rested with 0.1 ml acetone. P recipitated protein was rem oved by centrifugation in a B eckm an M icrofuge (5 min at 10,000 x g ).
C om ponents in the su p ern atan ts obtained from the m icrosom al assays w ere routinely analyzed by one-dim ensional T L C on 250 |im silica gel plates (W hatm an LK5F). The solvent system consist ed of toluene/acetone/acetic acid (75:20:5, v/v) . Following developm ent, the plates w ere radiochrom atographically scanned and areas u nder the radioactive peaks w ere in teg rated with a Bioscan System 400 Im aging Scanner. C oncentrations of m etabolites form ed w ere estim ated sem iquantitatively from the chrom atographic profiles and by liquid scintillation spectrom etry. C orrections w ere m ade for background radioactivity and traces of radiochem ical im purities by su btraction of values obtained with no-m icrosom e control assays.
Stock solutions of the desired concentrations of inhibitors were p rep ared in acetone. The final con centration of acetone was held constant at 1 .0 % (v/v). This concentration of acetone did n ot in terfere with the oxidative activity of the m icro somes. M icrosom es w ere incubated with the inhib itors for 5 min at 25°C in the buffered reaction m ixtures before the reactions w ere initiated by the addition of N A D P H . In the studies that involved CO, the m icrosom al suspension was purged with CO for 3 min prior to addition to the reaction mixture.
In vitro binding of prosulfuron to oxidized cyto chrom e P450 was m onitored by differential spectroscopy (Jefcoate, 1978) . A n aliquot of the microsom al suspension was diluted with 0 . 1 m po-tassium ph osphate buffer (pH 7.1) to provide a protein con centration of betw een 1.0 and 1.5 mg/ ml. The m icrosom al p rep aratio n (0.99 ml) was added to both the reference and sam ple cuvettes. A fter tem p eratu re equilibration, a corrected b ase line was recorded betw een 340 and 520 nm. A li quots (from 0.001 to 0.005 ml) o f a 0.02 m stock solution of prosulfuron, dissolved in D M SO, w ere added directly to the sam ple cuvette and an id e n tical volum e of D M SO was added to the reference cuvette. O ne m inute after mixing, absorption spectra w ere reco rd ed betw een 340 and 520 nm. This procedure was rep eated with th e stepw ise a d dition of small volum es of prosu lfu ro n until the additions did not produce fu rth er changes in the spectrum . R esults are expressed as A^4 (3 9 0 -4 2 0 nm).
Metabolite identification
M icrosom es isolated from shoots of N A -treated G 522D R sorghum seed were used to obtain a suf ficient con centration of the m etab o lites for stru c tural identification. The previously described sta n dard reaction m ixture was scaled up 90-fold. The reaction was incubated and term in a te d with ace tone as previously described. Follow ing cen trifu gation to rem ove precipitated p ro tein , the volum e of the su p ern atan t was reduced u n d e r a stream of O xidation products also w ere sep arated by re versed-phase H P L C using a W h atm an Partisil 10 ODS-2 (250 mm x 9.4 mm i.d.) colum n. A step gradient elution was used at a flow rate of 2 ml/ min with solvent A = 0.1% acetic acid in w ater and solvent B = acetonitrile.
Step 1, 20% B for 2 min;
Step 2, 20 to 40% B, 10 m in u te linear g rad i ent;
Step 3, 40 to 50% B, 10 m inute linear gradient;
Step 4, 50% B isocratic elution for 10 m inutes;
Step 5, 50 to 100% B, 10 m inute linear gradient;
Step 6 , isocratic elution for 5 m inutes. The H PL C unit consisted of a solvent delivery system e q u ipped with a pum p that provided tern ary low p res sure mixing and a m icroprocessor control unit (P erkin-E lm er Series 410 LC pum p), a sam ple in jecto r (R heodyne 7125), a variable w avelength U V detecto r (P erkin-E lm er LC-95 U V /V isible), radioisotope flow m onitor (IN /U S ß-R am ) with a solid scintillator cell (calcium fluoride packed), and a fraction collector (ISC O Foxy II). D etecto r outputs w ere captured by a personal com puter (G atew ay 4SX-25) using softw are supplied with the radioactivity flow m onitor. All solvents w ere H PL C grade, filtered, and degassed individually before use. Fractions were collected at 0.5 min intervals.
Fractions that corresponded to the peaks of in terest w ere analyzed by mass spectrom etry. LC/ ESI/M S determ inations were m ade with a Finnigan TSQ 7000, triple quadruple mass spectrom eter (Q Q Q ), equipped with an A tm ospheric Pressure Ionization (A P I) interface fitted with a p n eu m ati cally assisted electrospray head. The spray nozzle was o p erated at 5 kV in the positive ion m ode. The 7000 was equipped with a quatern ary solvent delivery system (Perkin-E lm er 410 LC Pum p), a U V detecto r (Perkin-E lm er), a stream splitter set at 6 : 1 with the m ajority of the effluent flowing to a radioisotope flow m onitor (IN /U S ß-R A M ) and the o th er stream attached to the A PI interface. Signals w ere captured by a Finnigan 7000 data sys tem . Collision-induced dissociation experim ents (C ID ) w ere conducted using argon gas with colli sion energy in the range of 1 7 .5-30 eV at cell p re s sures of approxim ately 0.28 Pa.
Results
Metabolite formation and identification
In exploratory studies, m icrosom es isolated from corn and w heat shoots form ed a single m ajor m etabolite from prosulfuron, w hereas m icrosom es from sorghum form ed two m ajor m etabolites in an approxim ate 1:1 ratio (Fig. 2) . The oxidation p ro ducts w ere separated and collected by reversedphase H PL C (Fig. 3 ) and subjected to mass spectral identification (Fig. 4 ). Isolate M l had an H PL C retention tim e of 28 min (Fig. 3) . The mass The form ation of two m ajor m etabolites by so r ghum m icrosom es from prosulfuron in an app ro x i m ate 1:1 ratio was not restricted to th e G 522D R cultivar which has a b ronze-colored endosperm , but was also observed w ith m icrosom es isolated from shoots of the cultivar D K 41Y which has a cream colored endosperm (Table II) . A s show n in the table, the endogenous level of activity associ ated with the D K 41Y m icrosom es was approxi m ately 1.7-fold higher than th at of the G 522D R m icrosom es with the concentrations of the two cy tochrom es being similar.
W ith sorghum and corn m icrosom es, the sam e products w ere form ed with the radiolabel on either the phenyl ring or the triazine ring. N o sug gestions w ere obtained to indicate th at the sulfo nylurea bridge was cleaved by the m icrosom al preparations, under the experim ental conditions th at w ere used. W hen the radiolabeled products th at w ould result from cleavage of the sulfonyl urea bridge, i.e., phenylsulfonam ide (C G A -159902) or triazineam ine (C G A -150829), w ere tested as substrates for the corn and sorghum m icrosom al preparations, no m etabolites were form ed. A pparently, the entire m olecule, with an intact bridge, is required for recognition by the m onooxygenase(s).
Effect o f seed/seedling treatments
The extent of m etabolism of prosulfuron was en hanced by treatm en t of the sorghum seed and/ or seedlings with N A and ethanol (Fig. 5) M etabolism of prosulfuron also was enhanced by tre a tm e n t of corn seed/seedlings with N A and eth an o l (Fig. 6 ). The exten t of endogenous m e tabolism by m icrosom es isolated from unsafened seed is show n in Panel A. E ndogenous activity associated with corn shoot m icrosom es was al ways considerably low er than that associated w ith sorghum shoot m icrosom es (Fig. 5A) . Corn m icrosom es prim arily form ed the 5-hydroxyphenyl m etabolite (M l) with only a suggestion for the form ation of the 0 -desm ethyl m etabolite (M 2). R elative to the unsafened control p re p a ra tions, m etabolism was enhanced 3-fold by the ethanol tre atm en t (Panel B), was enhanced 10-fold by seed-applied N A (Panel C), but antago nism occurred w hen the N A and ethanol tre a t m ents w ere com bined (Panel D). H ow ever, the com bination tre atm en t did enhance m etabolism 7-fold above the unsafened control preparations. N A alone and in com bination with ethanol did tend to increase slightly th e extent of M2 form a tion, but seldom accounted for m ore than 3% of the radioactivity in the reaction mixtures. NA provided stronger en hancem ent of m etabolism in corn than in sorghum (Fig. 6 vs Fig. 5) . A t this tim e, we are unable to explain why the com bina tion of NA and ethanol was slightly synergistic in sorghum and antagonistic in corn.
Cofactor requirement and inhibitors
O xidation of prosulfuron by both sorghum and corn m icrosom es had an absolute req u irem en t for a reduced pyridine nucleotide (Table III) by about 50% , prosulfuron oxidation m ediated by both sorghum and corn microsomes. PBO, 1-ABT, and SKF-525A w ere m ore inhibitory of prosul furon m etabolism by corn than by sorghum m icro somes. The differential sensitivity to inhibitors suggests that there could be differences in the properties of the P450 isoforms from the two spe cies. Form ation of the two m etabolites by sorghum m icrosom es was not differentially affected by the inhibitors.
T itration of an avocado m icrosom al prep aratio n with increasing concentrations (20 to 340 |iM) of p rosulfuron provided typical type I difference spectra with peaks and troughs around 390 and 425 nm , respectively (Fig. 7) . Substrate binding n e ar the hem e prosthetic group of the cytochrom e P450 reaction center is a prerequisite for m e tab o lism. Binding of a substrate is som etim es, but not always, reflected in the form ation of a type I dif ference spectrum with oxidized cytochrom e P450. Type I ligands are believed to bind at a hy d ro p h o bic site in close proxim ity to the hem e iron (hem e p rosthetic group) so as to allow both pertu rb atio n of the absorption spectrum and interaction with the activated oxygen. D ifference spectra have b een routinely generated in studies with m am m a lian m icrosom es, but investigators have had only lim ited success in obtaining satisfactory difference spectra with crude plant m icrosom al preparations. This failure may be related to the low co n cen tra tions of cytochrom e P450 in the plant p re p a ra tions, to the presence of interfering pigm ents, or to the presence of o th er non-P450 hem e entities. W ith prosulfuron, we also w ere unable to obtain m eaningful difference spectra using the crude corn and sorghum preparations isolated in this study th at possessed up to 150 pm oles of P450/mg p ro tein. H ow ever, the preparations of m icrosom es isolated from ripened avocado m esocarp tissue contained up to 450 pm oles P450/mg protein and provided spectra such as shown in Fig. 7 when tit ra te d with prosulfuron. A bsorption differences (A^4 390-425) obtained from the spectra shown in Fig. 7 (Table III) , and sensitivity to P450 m onooxygenase inhibitors (Table IV) .
M icrosom es isolated from young shoots of m o nocot seedlings have previously been shown to hydroxylate the aryl portion of o th er sulfonylureas. Specifically, such action has been docum ented for hydroxylation at the 5 position of the phenyl ring of chlorsulfuron, prim isulfuron, and triasulfuron (M oreland et al., 1993; F onne-Pfister et al., 1990; F rear et al., 1991; T halacker et al., 1994) , and the pyrim idine ring of nicosulfuron (M oreland et al., 1993) . A s rep o rted herein, the phenyl ring of p ro sulfuron, also is hydroxylated at the 5 position by m icrosom es isolated from young shoots of corn, sorghum , w heat, rice, barley, and oats, and avo cado m esocarp tissue. F orm ation of 5-hydroxyphenyl prosulfuron has been rep o rted previously by m icrosom es from w heat (F rear and Swanson. 1994 ) and corn (M oreland et al., 1993) . Sorghum m icrosom es, as rep o rted herein, also form ed a se cond m ajor m etabolite from prosulfuron that was identified by H PL C and mass spectrom etry as having resulted from O-demethylation of the triazine ring at the C4 position. The two m etabolites w ere form ed in an approxim ate 1 : 1 ratio by sor ghum microsom es. M icrosom es from species other than sorghum also form ed trace am ounts of the 0-desm ethyl m etabolite, and a third m etabolite that conceivably resulted from oxidation of the methyl group at C6 of the triazine ring.
The ö-dem ethylation of prosulfuron by sorghum m icrosom es paralleled their ability to 0 -dem ethylate m etolachlor which has been reported p re viously (M oreland et al., 1990) . M icrosom es iso lated from corn shoots also 0 -dem ethylated m etolachlor (M oreland et al., 1993) The inductive action of NA and ethanol in e n hancing the rate of m etabolism of m any substrates has been docum ented extensively (M oreland et al., 1993; F rear et al., 1991; Thalacker et al., 1994; M o reland et al., 1995; and references therein) . T reat m ent of both sorghum and corn seed/seedlings with N A and ethanol, alone and in com bination, also enhanced the m etabolism of prosulfuron. In sorghum , ethanol and NA were essentially equally effective, w hereas in corn. NA induced the m etab olism of prosulfuron about 1 0 -fold with ethanol enhancing m etabolism 3-fold. The com bination of N A and ethanol seem ed to be antagonistic in corn, but not in sorghum . The 1:1 ratio in the production of the two m etabolites from prosulfuron by sor ghum m icrosom es was not affected by the seed/ seedling treatm ents. H owever, in the corn experi m ents, the safener treatm ents did not seem to greatly enhance the production of the m inor m e tabolites.
It is not clear, at this time, if one or two sorghum P450 isoform s are involved in the phenylhydroxylation and 0-dem ethylation of prosulfuron. No dif ferential responses were noted relative to seed/ seedling treatm ents, ability to accept reducing equivalents from N A D PH and N A D H . and sensi tivity to inhibitors. In all of the above studies, the ratio in m etabolite form ation was retained. H ow ever, the corn and sorghum phenylhydroxylases seem ed to possess different p ro p erties as re flected in differential responses to safener tre a t ments, ability to utilize reducing equivalents, and sensitivity to inhibitors.
M icrosom es from different lots of P3245 corn seed varied som ew hat in the am ount of 0 -desm ethyl prosulfuron th at was produced. In the seed used previously (M oreland et al., 1993) , the ratio of M l to M2 was approxim ately 4:1. H ow ever, in the seed lot used in the p resen t study, the ratio was much low er and did not exceed 1 0 :1 , even with safener treatm en ts (Figs. 2 and 6 ) .
O f the plant cytochrom e P450s, the avocado e n zyme is the best characterized, how ever, the role of the P450 in vivo rem ains to be identified.
O 'K eefe and L eto (1989) purified a cytochrom e P450 isoform from avocado m esocarp tissue th at dem ethylated /?CMA. Two im m unologically sim ilar polypeptides with m olecular m asses o f 47 and 48 kD were isolated. Subsequently, a ripening-related cD N A from avocado m esocarp was se quenced that bears significant hom ology to m am m alian cytochrom e P450 sequences and codes for an N -term inal am ino acid sequence identical to that obtained with purified avocado P450 (B ozak et al., 1992) . A vocado m icrosom es have also been reported to /V-demethylate D M A , and to hydroxylate lauric acid (C ottrell et al., 1990) , nerol, and geraniol (H allahan et al., 1992) . C ottrell et al., 1990) ; and 7.2 and 35 pM with nerol and geraniol, respectively (H allahan et al., 1992) .
Acknowledgements
C ooperative investigations of the U.S. D e p a rt m ent of A griculture, A gricultural R esearch Ser vice, and the N orth C arolina A gricultural R e search Service, Raleigh, N orth C arolina 27695.
M ention of a tradem ark, vendor, or p roprietary p roduct does not constitute a guarantee or w ar ranty of the product by the U.S. D ep artm en t of A griculture or the N orth C arolina A gricultural R esearch Service and does not imply approval to the exclusion of o th er products or vendors which m ay also be suitable.
A ppreciation is extended to W illiam E berle for the mass spectral analyses, B onnie Sheldon and Sandy R athjen for technical assistance, and to L inda Lynch for secretarial expertise in the devel o pm ent of the m anuscript. 
